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• Quasi 2D models simulating the gripping stresses preserved in the mechanically lined pipe (MLP).
• Critical spooling-on curvatures prediction for MLP liner-detaching.
• A comparative analysis for the liner wrinkling behaviors of MLPs with different wall thicknesses of outer layers.
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a b s t r a c t
The structural behavior of mechanically lined pipes (MLPs) during the spooling-on phase is investigated
in this paper, motivated by their promising offshore applications relying on reel installation. By applying
quasi 2D models, we first investigated the gripping stresses preserved in the MLP after the hydraulic
expansion manufacturing process and the detachment of the liner under spooling-on curvatures.
Furthermore, a comparative 3D finite element (FE) analysis for the liner wrinkling behaviors of MLP with
different wall thicknesses of outer layers was performed and indicated that when the wall thickness of
outer layer increases from 14.3mm to 17.9mm,MLP’s critical spooling-on curvature increasedmore than
47%, reaching 0.1432 rad/m.
© 2015 The Authors. Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and
Applied Mechanics. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/4.0/).c1. Introduction
When compared against added-corrosion inhibitors for
transportation, or laying submarine pipelines made of corrosion
resistant alloys,mechanically lined pipes (MLPs) have obvious eco-
nomic benefits for offshore exploitations in the strong corrosive
environments found in oil and gas fields. MLP is a double-walled
pipe, consisting of a load-bearing, high-strength, low-alloy car-
bon steel outer layer, lined with a thin-walled sleeve made from a
corrosion-resistant material [1–3]. However, due to high welding
difficulty and low welding efficiency, a traditional s-lay approach
requires a longer offshore operation time for the installation of
MLP, which restricts the application of this type of tubular product.
The industry believes that for MLP, the most efficient installation
method is reel-laying, which requires welding and reeling on land,
and then unwinding and installing on site at sea.
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BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).However, during the spooling-on phase, when MLPs are ex-
posed to bending, the thin liner may start to detach and wrinkle,
as indicated by full-scale tests [4,5], as well as finite element (FE)
analyses performed by Hilberink et al. [6,7], Mair [8], Hilberink [9,
10], Yuan and Kyriakides [11] and some of the approximate ana-
lytical solutions in the works of Vedeld et al. [12] and Vasilikis and
Karamanos [13]. Vasilikis and Karamanos [13] used the FE model
to study the elastic detachment of the liner in an MLP and gained
considerable insight on wrinkling.
Subsea 7 and BUTTING had launched a joint research project
on the feasibility and significant advantages of installing MLP
using the reel-laying method [14]. In MLP bending exper-
iments implemented by Focke [5] (Fig. 1(a)) and Hilberink
[9] (Fig. 1(b)), a total of nine test strings is used to demonstrate
that by applying internal pressure, a high quality lined pipe could
be installed on the seabed fully fit-for-purpose with no formation
of any wrinkles.
All studies mentioned above have indicated that to employ reel
installation of MLP, the key is to solve the possible detaching,
wrinkling, and collapsing of the liner layer during the spooling-
on phase. Furthermore, the specific behavior of MLP during the
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understand the influence of the global plastic deformation caused
by bending on the mechanical contact between the liner and
the outer layer, as well as the capacity on the liner to survive
the reeling process without local buckling. Motivated by this
challenge, significant efforts have been undertaken by industrial
and academic researchers to establish the extent to which lined
pipe can be safely bent, to identify the main factors that influence
liner detaching or wrinkling, and also to find ways to prevent any
deformation or detachment within the pipe.
This paper beginswithmodeling the gripping force of theMLPs,
focusing on determining the critical curve, which causes liner
detachment andwrinkling during the spooling-on phase. The post-
buckling responses of linerwrinkling are also investigated by 3D FE
models in this paper, andwe include a comparative analysis on the
wall thickness influence of MLP’s outer layer.
2. Initial stress states of MLPs
Several manufacturing techniques exist to produce MLPs.
However, the most common technique employed is the hydraulic
expansion method. During this manufacturing process, hydraulic
pressure is applied to initiate plastic deformation of the liner; then,
the pressure causes elastic deformation of the outer layer to seal
the gap between the two pipe layers, which creates a rebounding
and squeezing of the outside carrier pipe as it contracts.
During the hydraulic inflation process, the liner needs to be
loaded and unloaded together with the outer layer; thus, elastic
rebounding of the liner will always cause some loss of gripping
force. In addition, because the outside carbon steel pipe cannot
be deformed plastically in the manufacturing process, and the
unloading of hydraulic inflation process is performed before the
internal wall of carbon steel pipe begins to yield, a gripping force
of MLPs exists. In this study, a typical MLP with geometric and
material parameters similar to Focke’s studies are applied: (1) an
outer layer made of X65 carbon steel (with outside diameter of
323.9 mm and wall thickness of 17.9 mm) and (2) a liner made of
stainless steel Alloy 825 (with outside diameter of 288.0 mm and
wall thickness of 3 mm).
The real stress–plastic strain curves for X65 carbon steel and
stainless steel Alloy 825 obtained from uniaxial tensile tests (as
shown in Fig. 2) are used for the quasi 2D FEmodel. For X65 carbon
steel, the elastic modulus is 210000MPa, Poisson’s ratio is 0.3, and
yield stress is 448 MPa, and for stainless steel Alloy 825 used for
the liner, the elastic modulus is 193000 MPa, Poisson’s ratio is 0.3,
and yield stress is 296 MPa.
FE methods are employed to simulate the gripping force
induced in a hydraulic expansion-manufactured MLP. Four-node
reduced-integration shell elements (S4R) are employed for the
modeling of the thin-walled liner, whereas 8-node brick elements
(C3D8R) are used to simulate the thick-walled outer layer.980
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Fig. 2. Real stress–plastic strain curves for the outer layer and liner materials.
Assuming no variation of loading and deformation in the
longitudinal direction of the pipe, a quasi 2D model with normal
hard contact between two pipe layers is adequate to model
the hydraulic inflation process and estimate the gripping force
between the two layers. A 0.1 m MLP segment is modeled to
simulate the initial stress of the MLP and its detaching during the
bending.
Through a loading–unloading analysis, the principal stresses
of the outer layer and the liner induced by hydraulic expansion
pressures (HEP) from 40 to 60 MPa can be acquired, as well as the
final residual gripping stress (RGS) preserved in the layer interface
of MLP, which are listed in Table 1.
For the liner, different HEP values bring almost the same
unloading von Mises stress because of the plastic deformation of
stainless steel Alloy 825 in the manufacturing process. Moreover,
the liners are rarely influenced by HEP values after unloading
the final principal stresses. For the outer layer of MLP, a higher
HEP value means a greater internal wall stress of outer layer
and a greater contact stress between two layers in the hydraulic
expansion loading process. After unloading of HEP, the internal
wall stresses of outer layer and RGSes are approximate for different
HEP values.
Therefore, increasing HEP is not an effective approach to
enhance bonding strength of the MLP, which is highly dependent
upon the mechanical properties of the liner itself.
3. Detachment of the liner when spooling an MLP onto a reel
Generally, the bending of the composite structure may lead to
differential ovalization and eventual separation of part of the inner
layer from the outer layer. The reeling process imposes high plastic
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Stress analysis results for manufacturing process of MLPs.
Hydraulic
expansion
pressure (MPa)
Internal wall stress of
outer layer (MPa)
Max.
contact
stress (MPa)
Residual
gripping
stress (MPa)
Liner stress (MPa)
Loading Unloading Loading principal
stresses min. /mid.
/max.
Unloading principal
stresses min. /mid.
/max.
Loading von
Mises stress
Unloading von
Mises stress
40 235.8 35.1 46.3 6.76 −327.8 −9.7 0 −314.3 0 21.4 323.1 325.4
45 260.9 35.1 51.2 6.75 −328.1 −10.7 0 −313.1 0 23.3 322.9 325.5
50 286.0 35.1 56.2 6.74 −328.4 −11.9 0 −312.0 0 25.4 322.6 325.5
55 297.0 34.8 57.9 6.80 −184.3 −49.9 0 −324.8 0 1.2 165.1 325.4
60 323.9 34.9 63.3 6.79 −202.9 −46.1 0 −320.9 0 8.8 184.2 325.4Fig. 3. The contact opening between two pipe layers at the increment of detaching.
Fig. 4. The cumulative plastic strain of the carrier pipe at the increment of the liner
beginning detaching.
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Fig. 5. Bending moment, contact stress and off-contact gap in MLP as the reeling
curvature of MLP increases.
strains (due to bending) in the pipe, whichmay cause unacceptable
liner detachment and wrinkling in MLP.
Herein,we discuss the possible detaching between the liner and
outer layer and approach the problemnumerically, using nonlinear
FEs to simulate liner’s deformation and its interaction with the
outer layer. Stresses and strains are monitored throughout the
deformation stage, detecting possible detachment of the liner from
the outer layer.
C3D8R brick elements and S4R shell elements are employed
to model the outer layer and the liner respectively. Bending
moment was applied to a reference node coupling with one800
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Fig. 6. Bending stress and cumulative plastic strain induced in the liner and outer
layer as the reeling curvature of MLP increases.
section of the outer layer when another section of the outer layer
is constrained by a symmetry boundary condition. During the
analysis the rotations of the reference node were recorded along
with the bending moment applied.
Figures 3 and 4 demonstrate the contact opening contour
between two pipe layers and the cumulative plastic strain contour
of the outer layer at the detaching increment in the bending
analysis followed the hydraulic inflation process, in which 50 MPa
HEP is assumed and the RGS between pipe layers is 6.74 MPa.
Under elastoplastic conditions there is a nonlinear relationship
between the reeling curvature of MLP and the bending moment
loaded. As the reeling curvature increases the contact stress
between the liner and the outer layer drops until the off-contact
gap appears, which is shown in Fig. 5.
When the reeling curvature of MLP reaches 0.117 rad/m at
6th increment, detaching appears followed by an increase of the
reeling curvature and the off-contact gap of the detachment is
enlarged. Figure 6 records the bending stress and cumulative
plastic strain variation induced in the liner and outer layer during
the reeling curvature increase process.
Figure 6 also indicates that together with the curvature growth
in a reeling process, the bending stress and cumulative plastic
strain of outer layer can rapidly increase, but those in the liner
rarely change,most likely because the strain hardening has already
begun from the hydraulic expansion process.
Generally, for a reeling-up process, the permitted cumulative
plastic strain of the outer layer is 2.5%, which had already
successfully serviced as a practical engineering standard in several
Technip’s reel-laying projects; thus, the reel diameter is designed
for such a requirement. FE analysis of this paper demonstrates that
when the cumulative plastic strain of the outer layer of this test
MLP reaches 2.5%, detachment already occurs, and liner wrinkling
may also take place.
208 T. Zhao, Z. Hu / Theoretical and Applied Mechanics Letters 5 (2015) 205–209Fig. 7. The contact stress distribution between two pipe layers of the test MLP when plastic strain upper limit of the outer layer reaches.4. Winkling behavior of the liner when spooling an MLP onto a
reel
A 3D FE model for the wrinkling behavior analysis was also
developed utilizing C3D8R brick elements tomodel the outer layer
and S4R shell elements to model the liner. Geometric and material
parameters were same as those in the previous 3D model for
detachment analysis, and a modified Riks algorithm was used to
analyze the wrinkling response of MLP during the spooling-on
stage of the MLP.
Herein, we discuss the scenario when spooling the MLP onto a
reel in all or substantial absence of internal pressure above ambient
pressure in the MLP. As Riks analysis reached the 52th increment,
the cumulated equivalent plastic strain in the outer layer of MLP
reached 2.5%, which is the upper limit of plastic strain permitted
by recent reeling-lay criteria (API spec 5 LD, 2009 and DNV-OS-
F101, 2010). This results in a permitted maximum MLP spooling-
on curvature, called critical spooling-on curvature, of 0.1867 rad/m
for the test MLP. We found that the liner already wrinkled with
a cumulated equivalent plastic strain 3.61%. Figure 7 shows the
contact stress distribution between the two pipe layers, in which
corrugated detachment appears. For a spooling-on process before
reel-laying operation, above liner detaching andwrinkling are also
not permitted and these special requirements drop the critical
spooling-on curvature of the test MLP to 0.1432 rad/m if no inner
pressure is employed in the spooling-on process.
A comparative analysis is carried out when the wall thickness
of theMLP outer layer changed to 14.3 mm and the outer diameter
of 3mm liner correspondingly increased, whereas other geometric
andmaterial parameters stayed the same. As Riks analysis reached
the 19th increment, the cumulated equivalent plastic strain of the
MLP out pipe already reached 2.6%, exceeding the upper limit of
plastic strain. Thus, the analysis indicates that the spooling-on
critical curvature of MLP with 14.3 mm wall thickness outer layer
is less than 0.0974 rad/m. For this MLP, the critical spooling-on
curvature decided by liner wrinkling is 0.1086 rad/m, so the final
critical curvature can select 0.0974 rad/m.
For a comparative of the two MLP examples, Fig. 8 provides
relationship curves of the spooling-on curvature and the spooling-
on bending moment. Figure 9 displays the wrinkling deformations
and the final von Mises stress distributions of the liners under the
0.1867 rad/m spooling-on curvature.
5. Conclusions
1. The quasi-2D FEmodels have proven to be effective inmodeling
the manufacturing RGS or predicting the bending detachment0.9
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Fig. 8. Relationship curves of MLP spooling-on curvature and spooling-on bending
moment for test MLPs.
of the MLP if plastic properties of bi-materials are fully taken
into account. However, quasi-2D models are not sufficient
enough to analyze the liner wrinkling behavior of MLPs for
the possible different buckling modes. Thus, a 3D FE model is
necessary.
2. Based on the hydraulic expansion manufacturing process,
expansion pressure is not a sufficiently sensitive parameter in
enhancing the final bonding force between the two layers of
MLPs. The elastic rebound of the outer layer can only generate
limited restriction on the liner, which needs to be assembled
inside the outer layer before hydraulic expansion is performed.
Thus, increasing RGS is not a feasible approach to make the
MLPs reelable. In the bending process, the critical point of MLP
rapidly loses RGS and begins detaching.
3. For a common pipeline to reel-laying, the critical spooling-on
curvature means that the cumulated equivalent plastic strain
reaches the upper limit (2.5% for most offshore criteria), but for
anMLP, the critical spooling-on curvature is theminimumvalue
that may reach the upper-limit of plastic strain for the outer
layer, liner detaching, or liner wrinkling. Taking the two 3D FE
analyses as examples, MLP with outer layer of 17.9 mm wall
thickness has a critical spooling-on curvature of 0.1432 rad/m,
which depends on liner detaching and wrinkling. However, the
same MLP with outer layer of 14.3 mm wall thickness has a
critical spooling-on curvature of 0.0974 rad/m, which depends
on the cumulated equivalent plastic strain of the outer layer.
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